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The spin-orbit interaction can cause a nonvanishing density of states ~DOS! within the minority-spin band
gap of half metals around the Fermi level. We examine the magnitude of the effect in Heusler alloys, zinc-
blende half metals, and diluted magnetic semiconductors, using first-principles calculations. We find that the
ratio of spin-down to spin-up DOS at the Fermi level can range from below 1% ~e.g., 0.5% for NiMnSb! over
several percents @4.2% for ~Ga,Mn!As# to 13% for MnBi. This gives a spin polarization P at EF ranging from
above 99% for NiMnSb to P’92% for ~Ga,Mn!As and to P’77% for MnBi.
DOI: 10.1103/PhysRevB.69.054424 PACS number~s!: 75.50.Cc, 71.20.2b, 75.30.2mHalf metals are materials showing spin ferromagnetism,
but with the exotic property of presenting a metallic density
of states ~DOS! only for the one spin direction ~usually ma-
jority!, in parallel with a clear band gap around the Fermi
level EF for the other direction. The first of the kind to be
reported were half metallic Heusler alloys by de Groot et al.
in 1983.1 More recently, other half metals were found, such
as CrO2,2 La0.7Sr0.3MnO3,2 or diluted magnetic
semiconductors.3 Furthermore, ordered zinc-blende CrAs
and CrSb were fabricated by molecular beam epitaxy4 and
relevant calculations suggest these and many similar zinc-
blende systems to be half metallic.5–7 So has been the case
with a variety of Heusler alloys.8 The rising interest in half
metallic systems is partly caused by their potential applica-
tions in spin electronics,9 since junctions made of half metals
should ideally present infinite magnetoresistance ratio or
100% spin polarized currents.
Although the ab initio calculations show the presence of
half metallicity in this variety of materials, with a clear band
gap around EF for the minority spin, this can be partly sup-
pressed by, e.g., defects,10 spin excitations at increased tem-
perature, or non-quasiparticle states.11 Even at low tempera-
ture and in the defect-free case, there is still the question of
spin-orbit interaction. Although this is weak and in many
cases can be neglected, in principle it should couple the two
spin channels so that the presence of states around EF for the
majority spin is partly reflected in the minority DOS. Thus
one cannot have a real gap, but a small DOS, its smallness
depending on the strength of the spin-orbit coupling for each
material; this effect could have also implications in the ideas
about spin-dependent transport and spintronics devices. It is
the purpose of this paper to give a quantitative picture for
this effect for a few typical systems, and to argue if and how
crucially this could affect spin-dependent transport. As
model systems we have chosen the Heusler alloy NiMnSb,
the ordered zinc-blende alloys CrAs, CrSb and MnBi, and
the chemical disorder in diluted magnetic semiconductor
Ga0.95Mn0.05As.
Our first-principles calculations are based on the screened
Korringa-Kohn-Rostoker Green function method within the
local density approximation, incorporating fully relativistic0163-1829/2004/69~5!/054424~5!/$22.50 69 0544effects ~from where the spin-orbit interaction emerges!. For
the description of the diluted magnetic semiconductors, the
coherent potential approximation ~CPA! was also employed.
Details about the method can be found in Ref. 12. In the
calculations we have used the atomic sphere approximation,
in which it is assumed that the potential around each atomic
site is spherically symmetric. In the open structures, such as
the zinc-blende, the large empty interstitial space is ac-
counted for by placing at appropriate positions empty
spheres ~treated as atomic spheres with no nuclear charge!.
In the expansion of the Green function in local orbitals a
cutoff of lmax53 was taken for the ordered compounds and
of lmax52 for the CPA calculations. We have employed both
the fully relativistic ~solving the Dirac equation! and the sca-
lar relativistic13 methods for comparison. The latter includes
all other relativistic effects except spin-orbit coupling, so that
the two spin channels are decoupled and half metals appear
with a clean gap for spin-down around EF .
The DOS ns(E) per spin s is related to the retarded
Green function Gs(rW ,r8W ;E) via
ns~E !52
1
p
ImE Gs~rW ,rW;E !d3r . ~1!
Usually for the calculation a very small imaginary part ie is
added to the real energy E and the Green function and DOS
are evaluated at E1ie . In this way the DOS of every eigen-
state is no more a d function of the energy but is rather
smoothed via a Lorentzian broadening. This method has the
advantage of needing fewer kW points for the integration in the
Brillouin zone to obtain a smooth DOS, saving computa-
tional time. Nevertheless there is the disadvantage that, in the
presence of a band gap, the band edges are not sharp and one
also obtains a very low nonzero DOS within the gap due to
the Lorentzian broadening. In our case this causes a problem,
since the DOS within the minority gap due to spin-orbit cou-
pling is also small and drowned in the background of the
Lorentzian broadening. To overcome this difficulty one
would have to go much closer to the real energy axis, which
would demand too many kW points. We have used an alterna-
tive, which saves calculation time: Since the Green function©2004 The American Physical Society24-1
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extrapolate to the real energy axis by knowing the variation
of the Green function for Ez along a line parallel to the real
axis. To our knowledge, this method was first proposed by
Gray and Kaplan,14 who also reported on the numerical limi-
tations. The resulting accuracy within the gap is much better
than that of the traditional method, and good enough for our
purposes, although sometimes numerical fluctuations of the
DOS are visible.
In our calculations we solve the Dirac equation, thus treat-
ing the spin-orbit term exactly. But for a better understanding
we give now a brief description of the first order effect of the
interaction in a Schro¨dinger picture. We remind that the spin-
orbit coupling of the two spin channels is related to the un-
perturbed potential V(r) around each atom via the angular
momentum operator LW and the Pauli spin matrix sW :
Vso~r !5
1
2m2c2
\
2
1
r
dV
dr L
W sW 5S Vso↑↑ Vso↑↓Vso↓↑ Vso↓↓D . ~2!
Analyzed in spinor basis, it takes the 232 matrix form
above. We denote the two spin directions with ↑ and ↓ , the
unperturbed crystal Hamiltonian for the two spin directions
as H0↑ and H0↓, and the unperturbed Bloch eigenfunctions
as C
nkW
0↑
and C
nkW
0↓
. Then the Schro¨dinger equation for the
perturbed wave function CnkW5(CnkW
↑
,C
nkW
↓ ) reads
S H0↑1Vso↑↑2E Vso↑↓Vso↓↑ H0↓1Vso↓↓2E D S CnkW
↑
C
nkW
↓ D 50. ~3!
The potential terms Vso
↑↓ and Vso
↓↑ are responsible for flipping
the spin. Within the gap region of the half metal, where no
spin-down states of the unperturbed Hamiltonian exist, the
spin-down solution can be found in first order by solving Eq.
~3! for C
nkW
(1)↓
@the index ~1! stands for the first-order solu-
tion#. The solution reads formally
C
nkW
(1)↓
52
1
H↓1Vso
↓↓2E
nkW
0↑ Vso
↓↑C
nkW
0↑
~4!
with E
nkW
0↑ the eigenenergy of the state C
nkW
0↑
. We see that in the
gap region the spin-down intensity is a weak image of the
band structure E
nkW
0↑
of the spin-up band. Since the DOS is
related to uC
nkW
(1)u2, it is expected that within the gap the DOS
has a quadratic dependence on the spin-orbit coupling
strength: n↓(E);(Vso↓↑)2. But there is also a modification by
the term 21/(H↓1Vso↓↓2EnkW
0↑) ~this is actually the Green
function!, which increases the weight of the states close to
those kW points where the unperturbed spin-up and spin-down
bands cross, i.e., E
nkW
0↑
5E
n8kW
0↓
. To see this we can rewrite Eq.
~4! by expanding the Green function in spectral representa-
tion05442C
nkW
(1)↓
~rW !5E d3r8(
n8
C
n8kW
(0)↓
~rW !C
n8kW
(0)↓*~r8W !
E
nkW
0↑
2E
n8kW
0↓
3Vso
↓↑~r8W !C
nkW
(0)↑
~r8W !
5(
n8
^Cn8kW
0↓ uVso
↓↑uC
nkW
0↑
&
E
nkW
0↑
2E
n8kW
0↓ Cn8kW
0↓
~rW !. ~5!
Here, the summation runs only over the band index n8 and
not over the Bloch vectors kW8, because Bloch functions with
kW8ÞkW are mutually orthogonal. Close to the crossing point
E
nkW
0↑
2E
n8kW
0↓ the denominator becomes small and the bands
strongly couple. Then one should also consider higher orders
in the perturbation expansion. Since at the gap edges there
exist spin-down bands of the unperturbed Hamiltonian, this
effect can become important near the gap edges.
As a measure of the strength of half metallicity we con-
sider the ratio of the minority to the majority DOS at EF ,
n↓(EF)/n↑(EF), which should be exactly zero in an ideal
half metal, and the spin polarization at EF ,
P5
n↑~EF!2n↓~EF!
n↑~EF!1n↓~EF!
’122n↓~EF!/n↑~EF! for small n↓ /n↑ , ~6!
which should be 100% in the ideal case.
Now we proceed to the analysis of our results. The results
for the Heusler alloy NiMnSb, which was found by de Groot
et al. in 1983 to be half metallic,1 are shown in Fig. 1. In the
top panel, the atom-resolved local DOS ~LDOS! is shown,
following a scalar relativistic calculation. The Fermi level is
within the band gap for minority spin and the material is half
metallic. In this scale, the relativistic calculation shows no
difference in the DOS compared to the scalar relativistic. In
the middle panel the gap region is shown in a relativistic
calculation. Again, no minority DOS is seen in this scale. But
when we magnify the minority DOS in the lower panel, it
becomes clear that the DOS is nonzero in the gap region—it
is of the order of 0.5% of the majority DOS in the vicinity of
EF , yielding P’99%. We have checked the DOS in this
scale for the scalar relativistic calculation and have found it
to be zero, thus we conclude that we see here a spin-orbit
effect and not an artificial Lorentzian broadening due to the
imaginary part of the energy in the calculation. The fluctua-
tions of the Mn DOS ~full line! are due to numerical noise of
the kW integration and extrapolation scheme, and mark its
limit of accuracy.
The next example is the ordered half metallic alloy CrAs
in the zinc-blende structure. This was invented by Akinaga
and co-workers4 in 2000 and found to be half metallic. Our
results are presented in Fig. 2. In the top panel, the scalar
relativistic atom-resolved DOS is shown. The Fermi level is
within the minority-spin gap, close to the conduction band
edge. ~The latter is mainly of d character, containing the
wave functions of the eg subspace.7! Focusing in the range of
the gap, we can see the DOS in more detail in the middle
panel in a relativistic calculation. Below 21 eV one recog-4-2
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the DOS has a minimum, as the eg states end and the d states
of t2g character start, forming wide bands. In this scale no
spin-orbit effect is visible in the minority gap. But if we
focus further in energy ~lower panel! it is clear that the struc-
ture of the majority DOS is reflected in the minority DOS:
one can recognize the peak of the eg states below 21 eV,
then the minimum and finally the presence of the t2g band
above 20.8 eV. This is the effect of the term Vso
↓↑C
nkW
↑ in Eq.
~4!. But we also observe the rapid increase of the DOS as the
energy approaches the band edges; this comes from the term
21/(H↓1Vso↓↓2EnkW
0↑). The minority DOS in the middle of
the gap is again small, giving a minority/majority DOS ratio
of 0.2%, whence P599.6%. In a similar calculation for
zinc-blende CrSb ~first fabricated by Zhao et al.15 and calcu-
lated by Liu6! we find that the minority DOS in the middle of
the gap is around 0.7% of its majority counterpart, and P
598.6%. This rise is expected, as the spin-orbit interaction
is stronger for the 5p states of Sb than for the 4p of As. ~The
trend can be seen, for example, in a systematic study of the
spin-orbit cross section of sp impurities in Mg in Ref. 16,
where Sb is found to have four times higher spin-orbit cross
FIG. 1. DOS of NiMnSb. Top: scalar relativistic ~I. refers to
interstitial volume of the empty sphere!. Middle: fully relativistic,
focused in the minority-gap region around EF . In this scale, the
spin-orbit effect is not visible. Bottom: fully relativistic, focused on
the minority states within the gap. The fluctuations reflect the nu-
merical accuracy of the method ~see text!. Around EF , the spin-
down DOS is of the order of 0.5% of the spin-up DOS, giving P
’99%. Close to the gap edges, the spin-orbit induced minority
DOS increases strongly as explained in the text. Negative numbers
in the DOS axis correspond to minority spin.05442section than As. Since the spin-orbit interaction is in first
approximation an atomic property, the trend is similar here.!
A recent theoretical investigation17 has suggested the or-
dered zinc-blende alloy MnBi as a good candidate for half
metallicity. Although this has not yet been fabricated, we
take it as a good example to show the spin-orbit effect, since
Bi is a heavy element with strong spin-orbit interaction be-
cause of the 6p states. The scalar and fully relativistic DOS
are shown in Fig. 3. It is evident that here the spin-orbit
interaction has a much stronger influence. The minority DOS
at EF is of the order of 13% of its majority counterpart, a
huge quantity in comparison to the analogous percentage in
CrAs or NiMnSb; the spin polarization at EF is P577%.
The relativistic effect shows up also in the orbital magnetic
moment, being 0.11mB and mostly concentrated at the Mn
atom, while the spin moment remains at 4.0mB per unit cell
as in the scalar and nonrelativistic case. We note that, al-
though the spin-orbit interaction is strong here, the majority
spin is still dominating at EF . Thus MnBi would be a useful
material for spin electronics despite the spin-orbit effect, as
its spin polarization at EF is robust against moderate volume
change as pointed out in Ref. 17.
As a final example we consider the diluted magnetic
semiconductor ~DMS! Ga0.95Mn0.05As. This material, to-
gether with other similar DMS, has been extensively studied
FIG. 2. DOS of zinc-blende CrAs. Top: scalar relativistic.
Middle: fully relativistic, focused in the minority-gap region around
EF . In this scale, the spin-orbit effect is not visible. Bottom: fully
relativistic, focused on the minority states within the gap. The re-
flection of spin-up into spin-down DOS is clear at the peaks at
21 eV and 20.8 eV. In the middle of the gap, the spin-down DOS
is of the order of 0.2% of the spin-up DOS, i.e., P’99.6%. Nega-
tive numbers in the DOS axis correspond to minority spin.4-3
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low Mn concentrations ~discovered by Ohno3 in 1998!, so
that it is a ferromagnetic semiconductor. In the ideal case, in
which the material is calculated to be half metallic, the Mn
impurities substitute Ga atoms in the GaAs lattice. Then the
Mn 3d states of the t2g representation (dxy , dyz , and dxz)
hybridize with the p states of the As neighbors, forming
bonding and antibonding p-d hybrids and from them states
within the GaAs gap for the spin-up direction. Thus the alloy
becomes half metallic with EF close to the valence-band
edge. Although there is no consensus yet on the physical
origin of the ferromagnetic ordering, which seems to depend
on the energetic position of the Mn d states,18 we have pro-
ceeded using the local-density approximation ~LDA! result.
The density of states is presented in Fig. 4, together with the
DMS ~Ga,Mn!N.
We find that the spin-down DOS at EF is 4.2% of its
spin-up counterpart if we include spin-orbit effects, giving
P591.9% while the system is half metallic in the nonrela-
tivistic solution. To understand this relatively high percent-
age of spin-down states, we observe that EF is very close to
the valence-band edge. There, the p states of As give an
important spin-orbit effect. This is known to split the
valence-band edge of GaAs in two subspaces, one with total
~spin 1 orbital! angular momentum j53/2 and one with j
51/2, so that the valence-band edge has no pure spin
FIG. 3. DOS of zinc-blende MnBi. Top: scalar relativistic.
Middle: Fully relativistic. Bottom: fully relativistic, focused on the
states within the minority gap. At EF , the spin-down DOS is of the
order of 13% of the spin-up DOS. This higher value is expected
since the 6p valence states of Bi result in a strong spin-orbit effect.
Negative numbers in the DOS axis correspond to minority spin.05442character.19 In fact, it has been proposed that the value of P
depends on a competition between the magnitude of the ex-
change splitting and the spin-orbit splitting of the valence-
band edge.20
A recent paper21 reports direct measurements of the spin
polarization in ~Ga,Mn!As via Andreev reflection spectros-
copy, giving a value of P585% or P590%, depending on
the sample. Our calculated value of P591.9% agrees rea-
sonably with these measured data. However, this agreement
could be fortuitous, since, on the one hand, the theoretical
value could change if the Mn d states were deeper in energy
~a possibility if one goes beyond the LDA!, and, on the other
hand, the measured values depend also on the exact form of
the ferromagnet/superconductor interface, plus the presence
of other defects within the sample.
Similar calculations on Mn-doped ferromagnetic zinc-
blende GaN gave us no spin-orbit effect at EF within numeri-
cal accuracy. The difference of ~Ga,Mn!N to ~Ga,Mn!As is
that the 2p valence states of N compared to the 4p of As ~i!
have a much lower spin-orbit interaction, and ~ii! are lower
in energy so that the Mn impurity d band is fully within the
band gap, away from the nitrogen-dominated valence-band
states, and the spin-orbit effect weakens.
In summary, we have performed first-principles calcula-
tions in order to investigate the effect of the spin-orbit cou-
pling to the spin-down band gap of half metallic systems. As
typical half-metallic systems, describable by the LDA, we
FIG. 4. Up: Local DOS of the diluted magnetic semiconductor
Ga0.95Mn0.05As. In a nonrelativistic calculation it is a half metal, but
when spin-orbit effects are accounted for, the spin-down DOS at EF
becomes 4.2% of the spin-up DOS, since EF is close to the GaAs
valence-band edge. Down: Local DOS of the diluted magnetic
semiconductor Ga0.95Mn0.05N in the zinc-blende structure. Contrary
to ~Ga,Mn!As, the Fermi level is now near the middle of the gap,
within a Mn impurity d band. This, and the fact that N is a light
element, lead to negligible spin-orbit coupling and minority DOS at
EF .4-4
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blende alloys CrAs, CrSb, and MnBi, and the diluted mag-
netic semiconductors ~Ga,Mn!As and ~Ga,Mn!N. We find
that the majority-spin states are partly reflected into the mi-
nority band gap. The intensity of the DOS for minority elec-
trons in this energy region depends mainly on the strength of
the spin-orbit coupling, heavier sp elements resulting in a
higher ratio of minority/majority-spin DOS n↓ /n↑ , thus
lower spin polarization P, at EF . Thus we see a trend of
increasing n↓ /n↑ and decreasing P as we go from CrAs
(n↓ /n↑50.2%, P599.6%) to CrSb (n↓ /n↑50.7%, P
598.6%) and finally to MnBi (n↓ /n↑513%, P577%). In
NiMnSb we find n↓ /n↑50.5% and P599%. Also, it is im-
portant how deep the Fermi level lies within the gap, since
majority states close to the gap edges are more drastically
spin flipped than states deep in the gap. This results in high
minority-spin DOS (n↓ /n↑54.2%, P591.9%) for ~Ga,M-
n!As where EF is very close to the valence-band edge. We
have also explained these effects within a first-order approxi-
mation. For transport applications in spintronics we conclude
that even in compounds with strong spin-orbit effect @MnBi
or ~Ga,Mn!As# the minority DOS at EF is still dominated by05442its majority counterpart ~even in MnBi the ratio is only
13%!, whence it follows that current should be transported
practically only by majority states. On the other hand, com-
paring the value of P599% for NiMnSb with the much
lower experimental result2 of P’58% in Andreev reflection
experiments using a superconducting contact ~while, in the
bulk, experiments show good half metallicity22!, we con-
clude that for practical applications other effects, such as gap
states due to impurities,10 stalking faults, or interface and
surface states, could be more important to be eliminated by
sample improvements.
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